The kinetic behavior of a fixed-bed adsorber can be explained and the characteristic breakthrough curve of the adsorption phenomena can be obtained through mathematical models. In the earlier models, the kinetics is explained using a mathematical model that takes into account of external and internal masstransfer resistances with a nonideal plug flow behavior. The variation of fluid velocity along the column is an important aspect, which has not been accounted so far. In the present study, a mathematical model is proposed for explaining the kinetic behavior of adsorption phenomena incorporating the fluid velocity variation along the column length also. Internal mass-transfer resistances due to pore diffusion mechanism are considered in the model. The proposed mathematical model for fixed-bed adsorption is solved numerically and compared with earlier model reported in literature. The results show that the breakpoint is obtained earlier which represents the realistic behavior in adsorption phenomena. Initially the sharp front of the breakthrough curve is seen followed by broadening of tail of the breakthrough curve. Simulations are carried out using the present model for a systematic parametric study. The effects of various important and influencing parameters such as flow rate, bed height, inlet adsorbate concentration and particle diameter on breakthrough curve are studied in detail.
Introduction
Use of adsorption contacting systems for industrial and municipal wastewater treatment has become more prevalent during recent years [1] . The process of adsorption of the components of a fluid mixture flowing through a packed bed of an adsorbent porous material is the basis of several important applications in chemical engineering. These include continuous separation processes for large-scale applications such as bulk separations [2] , and also chromatographic processes for both analytical and preparative purposes [3] . As a consequence of this applicative interest, a great amount of work has been devoted to the modeling of these processes [4] . The key parameters for design of an adsorption system are the process parameters that are used for modeling the system for predicting the quality of effluent under a wide range of operating conditions [5] . In most of the large-scale processes, relatively large porous particles (50-1,000 m in diameter) are used to reduce pressure drop and sorbent cost.
Intraparticle diffusion is usually the rate-limiting step in these systems and it controls the sharpness of breakthrough curves [6] . One of these models describes diffusion as the mechanism occurring in the fluid phase with a distributed adsorption along the pore walls, i.e., the pore diffusion model [7] . For low-affinity solutes in macroporous sorbents, pore diffusion is usually the dominant intraparticle diffusion mechanism [8] .
Pore diffusion model has been used for predicting the kinetics of fixed bed adsorption process [6, 9, 10, 11] . These models take account of both external and internal masstransfer resistances as well as of nonideal plug flow along the column. The above models
have not incorporated the fluid velocity variation along the bed, which makes a significant effect on breakthrough curve. In the present work, the effect of operating variables on the process of fixed-bed adsorption is studied. Furthermore, the kinetics is studied using a mathematical model that takes account of both external and internal masstransfer resistances, nonideal plug flow along the column and the variation of fluid velocity along the column.
Mathematical Modeling
Before discussing the assumptions needed for model formulation, we first introduce the physical process considered in this model. Convection along the column axial direction and axial dispersion are the mass transport mechanisms in the bulk phase. Molecules from the bulk interstitial phase are transported via axial convection and Fickian diffusion (film diffusion) onto the particle surface. Inside the particle, molecules can diffuse into the inner portion of particle via surface diffusion, pore diffusion, or both. This study focuses on understanding the mechanism in pore diffusion.
Bautista et al. [9] proposed the kinetic mechanism for the adsorption of -amylase from Aspergillus oryzane in a fixed bed. The model takes account of both external and internal mass-transfer resistances as well as of nonideal plug flow along the column. They did not consider the fluid velocity variation along the bed to predict the behavior of breakthrough curve. In the present study this model is modified by considering the variation of velocity along the column.
To formulate a generalized model corresponding to the pore diffusion mechanism, following assumptions are made:
1. The system operates under isothermal conditions.
2. The equilibrium of adsorption is described by Langmuir isotherm, a nonlinear isotherm.
3. Intra-particle mass transport is due to Fickian diffusion, and it is characterized by the pore diffusion coefficient, D P . 
The following initial condition is considered 0 , 0
The contour conditions at both ends of the column are given by the following equations
The superficial velocity, V in fixed-bed adsorption is not constant because of adsorption.
The following equation was used to estimate (dV/dz), the variation of velocity of bulk fluid along the axial direction of the bed. For liquid adsorption, assuming the liquid density to be constant, then the total mass balance gives
Velocity boundary conditions
The inter-phase mass transfer rate may be expressed as
The intra-pellet mass transfer is due to the diffusion of adsorbate molecules through the pore. The macroscopic conservation equation is given as
Assuming instantaneous equilibrium The following initial condition is considered
The symmetry condition at the center of the particles and continuity condition on the external surface of the adsorbent bed are expressed as
The adsorption isotherm was favorable and nonlinear, and it described by Langmuir
Simulation Technique
Since nonlinear adsorption equilibrium is considered, the preceding set of partial differential equations (1 to 16) is solved numerically by a reduction to set of ordinary differential equations using the Explicit Finite Difference technique. Finite difference technique has successfully applied to solve such type of partial differential equations in other studies by Babu and Chaurasia [12, 13, 14, 15, 16, 17] . A mathematical algorithm to solve these coupled equations is developed and implemented into a computer program using MATLAB (v.6.1) software. The same parameters reported by Bautista et al. [9] are used for simulation in present study, which are given in Table 1 .
Results and Discussion
The model used, as described above, determines the outlet adsorbate concentration at different times based on different operating conditions. In the present model, linear velocity variation along the bed is considered and the obtained results are compared with the previous model given by Bautista et al. [9] . Same parameters given by Bautista et al. [9] are used and some parameters (see Table 1 ) are assumed which are not given in
literature. The present model results show an improvement over the previous model given by Bautista et al. [9] with respect to better steepness of the breakthrough curve which is being validated by earlier study [6, 18] . The results show that the breakpoint is obtained earlier (Figure 2 ). Initially the sharp front of the breakthrough curve is seen followed by broadening of tail of the breakthrough curve as shown in Figure 2 [18] . These obtained results are more justifiable with theoretical phenomena occurring in the adsorption system. The fluid velocity along the bed is a decreasing function of bed length [18] . The velocity continuously decreases inside the bed with respect to bed length. This phenomenon is validated by the mass balance (Eq. 6) for velocity variation. This establishes the fact that the effect of velocity variation on breakthrough curve is significant. This fact is also in agreement with the results reported in the literature [18] .
Based on the successful implementation of velocity variation in the model, and supporting evidence in the literature, the simulations are carried out using the present model to carryout a systematic parametric study. The present model is studied by varying the different important parameters such as flow rate, bed height, inlet adsorbate concentration and particle diameter. 
Effect of bed height
The effect of bed height on the effluent adsorbate concentration is presented for flow rate of 0.25 ml/min and inlet adsorbate concentration of 1 mg/ml in Figure 4 
Effect of Inlet concentration
The effect of inlet adsorbate concentration on effluent concentration is shown in Figure 5 . C bo = 0.5 mg/ml C bo = 0.5 mg/ml(*) C bo = 1.5 mg/ml C bo = 1.5 mg/ml(*)
Effect of particle radius
The effect of particle size on effluent concentration is shown in Figure 6 
Conclusions
A generalized model that incorporates external film mass transfer resistance and pore diffusion resistance with velocity variation through column bed has been formulated and solved numerically. Following conclusions are drawn from the above-discussed results:
1. There is a significant effect of velocity variation through the bed on breakthrough curve, wherein the break point is obtained earlier. Initially the sharp front of the breakthrough curve is seen followed by broadening of tail of the breakthrough curve.
2. As the flow rate is increased, the breakthrough curve becomes steeper. The break point time is obtained earlier and effluent adsorbate concentration ratio increases more rapidly.
3. For smaller bed height, the effluent adsorbate concentration ratio increases more rapidly than for a higher bed height.
4. For larger feed concentration, steeper breakthrough curves are obtained and break point time is achieved sooner.
5. With decrease in particle radius, the breakthrough curve becomes steeper and the break point time decreases.
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